Recurrence of chronic phase features of the initial MPN was observed in 39% of the responders. Median overall survival was 11 months. Azacitidine gives encouraging results in Ph-negative MPN having progressed to AML or MDS, but response duration is short, and consolidation treatments have to be evaluated
Transformation of Philadelphia (Ph)-negative myeloproliferative neoplasms (MPNs)
to myelodysplastic syndrome (MDS) or acute myeloid leukemia (AML) is associated with poor response to chemotherapy and short survival. Fifty-four patients with Ph-negative MPN (including 21 essential thrombocythemia [ET], 21 polycythemia vera [PV], 7 primary myelofibrosis, and 5 unclassified MPN) who had progressed to AML (n ‫؍‬ 26) or MDS (n ‫؍‬ 28) were treated with azacitidine in a patient-named program. Overall response rate was 52% (24% complete response [CR], 11% partial response [PR], 8% marrow CR or CR with incomplete recovery of cytopenias, 9% hematologic improvement) and median response duration was 9 months. Prognostic factors were for overall response the underlying MPN (71% vs 33% responses in ET and PV, respectively; P ‫؍‬ .016); prognostic factors for CR achievement were the underlying MPN (14% CR for PV vs 43% for ET; P ‫؍‬ .040) and World Health Organization classification at transformation (36% vs 12% CR in MDS and AML, respectively, P ‫؍‬ .038).
Introduction
Philadelphia (Ph)-negative myeloproliferative neoplasm (MPN) progress to acute myeloid leukemia (AML), preceded or not by myelodysplastic syndromes (MDS) in 5%-10% of the cases after 10 years and probably at an even higher incidence with longer follow-up. [1] [2] [3] [4] Those transformations are associated with poor response to chemotherapy (including anthracycline/cytosine arabinoside-based intensive chemotherapy [IC] or lower dose regimens), to a high risk of relapse after allogeneic stem cell transplantation (SCT), resulting in poor survival in most cases. 5, 6 Aberrant cytosine-phosphate-guanosine island methylation of tumor suppressor genes plays a key role in the progression of MDS. 7 In MPN, the mechanisms underlying progression to MDS and AML are poorly known, although hypermethylation of p15INK4b and p16INK4a genes has been described during the leukemic evolution of myeloid metaplasia. 8 The hypomethylating agent azacitidine has shown significant survival benefit in higher risk MDS. 9, 10 In MPN, azacitidine appears to have limited efficacy in primary myelofibrosis (PMF) and myelofibrosis occurring during the evolution of essential thrombocythemia (ET) or polycythemia vera (PV) despite the induction of global hypomethylation. 11, 12 However, to our knowledge, response to azacitidine has not been evaluated in series of MDS and AML occurring during the course of Ph-negative MPN. We report here our experience with azacitidine treatment in 54 patients with MDS or AML secondary to MPN.
Methods

Patients
After approval of azacitidine by the US Food and Drug Administration (FDA) for the treatment of MDS in 2004 and before approval by the European Agency for the Evaluation of Medicinal Products (EMEA) at the end of 2008, the French health agency (Agence Française de Sécurité Sanitaire des Produits de Santé [AFSSAPS]) opened a compassionate patient-named program (Autorisation Temporaire d'Utilization) of azacitidine in higher risk MDS and poor-risk AML, in cooperation with the Groupe Francophone des Myélodysplasies (GFM). All patients with international prognostic scoring system intermediate 2 or high-risk MDS (de novo or therapy related) could be included in this program. For untreated AML, patients could only enter the program if they were considered "unfit" for IC, based on age (generally Ͼ 65 years), comorbidities, or on characteristics associated with poor response to IC (AML after MDS or MPN, complex cytogenetic findings). All applications were reviewed by AFSSAPS (including review by one expert in the field) for approval, and patient informed consent was required before inclusion. A short case report form was sent to the treating physician after inclusion.
Between September 2004 and January 2009, 931 patients were included in this program; 735 of them, who had received Ն 1cycle of azacitidine and were treated in centers that had accepted to send data for all their patients included in the program to GFM, were considered evaluable (centers that did not send information on all their patients were considered not evaluable, to avoid any bias). All participating centers approved this study. Of those 735 patients, 54 with MDS or AML after Ph-negative MPN form the basis of the present study. The study was conducted according to the Declaration of Helsinki.
Diagnosis and classification of MDS and AML was made according to the World Health Organization (WHO) classification. 13 However, because azacitidine has also been approved by FDA and EMEA in refractory anemia with excess blasts in transformation (RAEB-t), considered as AML in the WHO classification but as MDS in the French-American-British (FAB) classification, 14 analysis of results was also made with FAB criteria for AML and MDS. Although most initial diagnoses of MPN have been made before the Janus kinase-2 (JAK2) V617F era, using both the Polycythemia Vera Study Group 15, 16 and WHO 2001 criteria, 17 JAK2 mutational status was available in 41 patients. Patients with unclassified MPN as the primary disorder, including atypical chronic myeloid leukemia (CML) according to WHO 2008 criteria, 13 were eligible, but chronic myelomonocytic leukemia and refractory anemia with ringed sideroblasts with thrombocytosis as primary or secondary disorder were excluded.
Treatment
Azacitidine was to be administered subcutaneously at the approved FDA/EMEA schedule (75 mg/m 2 /d during 7 days every 28 days) for Ն 4 cycles. Dose reductions were made in case of grade Ͼ 2 side effects according to National Cancer Institute toxicity criteria (Common Terminology Criteria for Adverse Events v3.0), except for neutropenia or thrombocytopenia or both. Delays in cycles were recommended in case of grade 4 cytopenias, until recovery above baseline values or on the physician's decision. All responders after 4-6 cycles of azacitidine were to continue treatment until progression. Transfusion thresholds, in agreement with AFSSAPS were as follows. Recommendations for red blood cell transfusions were hemoglobin (Hb) level of Ͻ 8 g/dL or higher (9-10 g/dL) in case of severe infection, underlying cardiac or pulmonary disease, or severe symptoms of anemia; recommendations for prophylactic platelet transfusions were platelet count Ͻ 20 ϫ 10 9 /L or less in case of fever, rapid platelet decrease, mucositis, or concomitant coagulopathy.
Assessment of response
Response was evaluated after 4-6 cycles by blood count, bone marrow aspirate, and cytogenetic studies. Response was defined for MDS as achievement of complete response (CR), partial response (PR), marrow CR (mCR) or hematologic improvement (HI) according to the International Working Group (IWG) 2006 criteria 18 ; for AML as achievement of CR, PR, or CRi (ie, CR with incomplete recovery of cytopenias) according to IWG-AML 2003 criteria. 19 Patients in CR/CRi were allowed to have persistent blood or marrow features or both of MPN, provided the blast percentage and peripheral blood cytopenias satisfied response criteria. 20 Complete cytogenetic response was defined by the disappearance of all chromosomal abnormalities without appearance of new ones and partial cytogenetic response by at least a 50% reduction of the number of mitoses with any chromosomal abnormality, in agreement with IWG 2006 criteria for MDS. 20 Recurrence of initial features of MPN was defined by a Hb level Ͼ 17 g/dL in men and Ͼ 15 g/dL in women if associated with an increase of Ն 0.2 g/L from a person's baseline value, or a sustained platelet count Ͼ 450 ϫ 10 9 /L, in agreement with WHO 2008 criteria for MPN classification. 13
Data collection and statistical analysis
Because the case report form sent to treating centers on inclusion was relatively short, missing data were subsequently collected by clinical research associates of the GFM. Prognostic factors of response were analyzed in the whole population and separately in MDS and AML by univariate and multivariate analyses (the latter with the use of a logistic regression model). Characteristics were compared by chi-square or nonparametric tests (Fisher exact test) for qualitative variables, and quantitative variables were compared by Wilcoxon and Kruskal-Wallis tests. Censored end points were estimated by the nonparametric Kaplan-Meier method, 21 then compared between groups by the log-rank test. 22 Analyses were made at the reference date of December 1, 2009, with R software 2.8.1 (The R Project).
Results
Pretreatment characteristics of the patient population
The study population consisted of 34 men and 20 women, with a median age of 69.5 years (range, 37-89 years) at inclusion in the azacitidine program. The initial MPN was PV in 21 patients (39%), ET in 21 patients (39%), PMF in 7 patients (13%), and unclassified MPN in 5 patients (9%). JAK2 V617F mutational status, available in 41 patients during MPN chronic phase, was positive in 24 patients (59%; Table 1 ). During MPN chronic phase, 50 of 54 patients had received cytoreductive therapy, whereas 4 patients had only received antiaggregating or anticoagulant therapy. Cytoreductive therapy had been hydroxyurea (HU) in 34 patients, pipobroman in 20 patients (11 of whom had also received HU before or after pipobroman; Table 2 ). Four patients with 4 PV had received radiophosphorus (P32), 2 patients with PV had received interferon alfa, and 3 patients with atypical CML had received imatinib mesylate.
Median time from diagnosis of MPN to MDS/AML was 71 months (range, 3-398 months) in the whole cohort, 89 months for patients with AML, and 58 months for patients with MDS (P ϭ .6). Eight patients had already been treated after transformation by IC followed by allogeneic SCT in 3 patients, IC alone in 2 patients, and low-dose cytosine arabinoside in 3 patients. At the onset of azacytidine, 5 patients were refractory and 3 patients were in relapse after those treatments.
At inclusion in the azacitidine program, 26 patients (48%) had AML, including 9 with RAEB-t (17%), and 28 patients (52%) had MDS, including 9 (17%) with RAEB-1 and 19 (35%) with RAEB-2.
Eight patients (15%) had cytogenetic failure, 10 (19%) had normal karyotype, and 36 (67%) had 1 or several clonal abnormalities: 12 patients had 1 abnormality, including isolated Ϫ7/7qϪ in 5 patients and isolated ϩ8 in 2 patients; 8 patients had 2 abnormalities; and 16 patients (30%) had a complex karyotype (Ն 3 abnormalities) that included Ϫ7/del 7q in 9 patients, and del 5q/Ϫ5 in 11 patients, with a median number of 5.5 abnormalities (range, 3-9 abnormalities). Chromosome 17 abnormalities were observed in 11 patients (del 17p in 8 patients and Ϫ17 in 3 patients). In MDS (n ϭ 28), the International Prognostic Scoring System was int-1 in 2 patients (7%), int-2 in 12 patients (43%), and high in 10 patients (36%), whereas the remaining 4 patients with MDS had cytogenetic failure ( Table 3 ). Four of the 5 unclassified MPN had normal karyotype (and 1 cytogenetic failure) during MPN phase and 3 had monosomy 7 at transformation. Finally, the 15 patients with JAK2-V617F tested at the time of transformation still had JAK2-V617F mutation, whereas the remaining 9 were not tested.
Response to azacitidine
The median number of cycles of azacitidine administered was 6 (range, 1-28 cycles). Thirty-five (65%) patients received azacitidine at the FDA/EMEA-approved schedule (75 mg/m 2 /d during 7 days every 28 days), whereas 19 patients (35%) received an attenuated dosing or schedule (100 mg/d during 7 days or 75 mg/m 2 /d during 5 days). The main reason to reduce the number of days to 5 per cycle was the difficulty for some centers to administer the drug during weekends, whereas the main reason to use a flat dose of 100 mg/d was patients' older age or frailty or both (including renal failure, observed in 5 cases). Thirteen patients (24%) received Ͻ 4 cycles of azacitidine because of early death in 9, restoration of MPN features in 2 patients, intercurrent illness in 1 patient, and 1 patient's decision 1; whereas 41 patients (76%) received Ն 4 cycles.
As seen in Table 4 , response was achieved in 28 of 54 patients (52%), including 13 CR (24%), 1 CRi (2%), 3 mCR (6%), 6 PR (11%), and 5 stable disease with hematologic improvement (9%; HI-E ϭ 3 and HI-P ϭ 2). Four of the 11 patients with baseline cytogenetic abnormality who achieved CR had cytogenetic evaluation at response, and 3 of those 4 patients achieved complete cytogenetic response.
With a median follow-up of 17 months after response evaluation, 23 of the 28 responders had relapsed after a median of 6 months (range, 1.5-22 months), and 6 patients were still responding after a median of 15 months (range, Ն10 to Ն 34 months). Median response duration was 9 months. One of the complete responders received allogeneic SCT and was alive in CR after 14 months.
Prognostic factors of response
The underlying MPN was the only prognostic factor for overall response rate (ORR), with a higher ORR in patients with ET (71%) than for patients with PV (33%; P ϭ .016; Table 1 ). In the 7 cases of PMF, 4 responses, including 1 CR, 1 PR, and 2 HI, were For personal use only. on September 23, 2017. by guest www.bloodjournal.org From observed. Other pretreatment factors, including age, sex, white blood cell count, percentage of bone marrow blasts, JAK2 mutational status, and karyotype, were not significantly correlated with ORR. In AML, the ORR was 38%, including 12% CR, 4% CRi, and 23% PR. In MDS, the ORR was 64%, including 36% CR, 11% mCR, and 21% stable disease with HI. The comparison between ORR obtained in AML and MDS was difficult, because of somewhat different response criteria in those 2 categories (Table 4) . When classifying patients with the FAB criteria, the ORR was 59% in MDS and 35% in AML (P ϭ NS; details not shown).
Prognostic factors of CR achievement were the type of underlying MPN (14% CR for PV vs 43% for ET; P ϭ .040) and WHO classification at transformation (12% CR in patients with AML vs 36% in MDS; P ϭ .038; the comparison being possible because of similar CR criteria in AML and MDS). When adjusted on underlying MPN, WHO classification at transformation became even more significant (P ϭ .007).
Prognostic factors of response duration were the presence of JAK2 V617F mutation (median of 11 months vs 5 months for JAK2 wild type; P ϭ .005) and the recurrence of chronic phase features of MPN at response (median of 9 vs 5 months in the absence of such recurrence; P ϭ .005). Other pretreatment characteristics were not prognostic of response duration. In particular, median response duration was 9 months in AML (range, 1.6 to Ն 17 months) compared with 6 months in MDS (range, 1.2 to Ն 34 months; P ϭ NS).
Recurrence of chronic phase features of underlying MPN
A somewhat unexpected finding was that, in 11 patients (20%), corresponding to 39% of the responders, and including 8 of the 21 (38%) patients with initial ET and 3 of the 21 patients (14%) with initial PV (P ϭ .080), response to azacitidine was associated with recurrence of chronic phase features of the initial MPN, ie, thrombocythemia in 8 and polycythemia in 3. This response was seen after 1-5 cycles (median, 3 cycles) and required restarting cytoreductive therapy with HU or interferon in 4 of them. No such evolution was observed in the 4 patients with PMF who responded. In 2 patients, recurrence of chronic phase MPN features lead to early discontinuation of azacitidine after 3 courses (Table 5 ). At the onset of azacitidine, 3 of the 11 patients with recurrence of chronic phase MPN features had AML and 8 had MDS. JAK2 V617F mutation was present during the chronic MPN phase in 5 of the 9 tested patients, during transformation in 3 of 5 tested patients, and still positive in both patients tested during the second chronic MPN phase.
According to IWG response criteria, 9 of the 11 patients with recurrence of chronic phase MPN features had achieved CR (including 2 cytogenetic CR) and 2 HI (patients 14 and 33 in Table  3 ). By univariate analysis, no prognostic factor of recurrence of chronic phase MPN features (including age, sex, marrow blast percentage, white blood cell count, platelet count, JAK 2 mutational status, previous MPN type) was found in the whole patient population and in responders to azacytidine. Nine of the 11 patients relapsed to AML/MDS after a median time of 8.6 months (range, 1.6-22 months), whereas 2 remained responders: 1 after Ն 33 months, treated by interferon and 1 who received an allograft (with reduced-intensity conditioning regimen) in CR after 4 cycles of azacitidine, still alive in CR 14 months after transplantation.
Overall survival
With a median follow-up of 20 months (range, 3 to Ն 39 months) from onset of azacitidine, 44 patients (81%) had died, 30 (68%) from overt disease progression, 5 (11%) from bleeding (including 3 during azacitidine treatment), 8 (18%) from sepsis (including 1 during azacitidine treatment), 1 (4%) from thrombosis without recurrence of PV, and 1 (4%) from cardiac failure. Ten patients (19%) were still alive after Ն 3 to Ն 39 months, including 4 patients in CR and 2 in persisting HI.
Median OS was 11 months (Figure 1 ), 8 months in AML and 14 months in MDS (P ϭ NS). According to the FAB classification, median OS was 8 months in AML and 13 months in MDS (P ϭ NS).
OS did not significantly differ between patients with ET and PV as initial MPN (median,16 vs 7 months, respectively; P ϭ .150; Figure 2 ). When adjusted on initial MPN (ET vs PV), OS, however, became significantly better for patients with MDS than for patients with AML (P ϭ .01). In patients with initial PMF, median survival was 8 months. Other pretreatment characteristics including age, sex, platelet count, circulating blast count, Hb level, percentage of bone marrow blasts karyotype, and JAK2 mutational status were not predictive of OS. In multivariate analysis, adverse cytogenetics (including complex karyotype, Ϫ7 or del 7q) and higher marrow blast percentage (as continuous variable) were associated with worse OS (P ϭ .03 for both parameters).
Side effects of treatment
Grade 3-4 hematologic toxicities were the main side effects of azacitidine, mainly during the first 4 cycles of azacitidine: 23 patients (43%) and 3 patients (6%) had infection and bleeding requiring hospitalization, with a fatal outcome in 4 and 2 cases, respectively. Nonhematologic side effects included grade 3 skin rash in 1 patient, leading to early azacitidine discontinuation. Grade 1-2 nonhematologic side effects mainly included diarrhea, constipation, and local side effects at injection sites, as previously described for azacitidine. 11, 12 Discussion This is, to our knowledge, the first report of a relatively large cohort of patients with Ph-negative MPN treated by a hypomethylating agent after having progressed to MDS/AML. We observed a 64% response rate to azacitidine in patients who had progressed to MDS and 38% in patients who had progressed to AML. The response rate was significantly higher in patients with ET than for patients with PV as initial MPN and, in close to 40% of the responders, response was associated with recurrence of chronic phase MPN features (thrombocytosis in ET and erythrocytosis in PV; Table 5 ). The response rate to azacitidine observed in this series of MDS secondary to MPN was similar to that observed in MDS as a whole, 9, 10 although the CR rate was somewhat higher in the present report, whereas response duration was somewhat shorter (median of 9 months compared with 13.6 months in AZA 001 study and 21 months in CALGB 9221 study, but the last study included a high proportion of lower risk MDS).
The only significant prognostic factor for ORR was the type of underlying MPN. Indeed, patients evolving from ET responded better than patients evolving from PV while in transformed PMF; the number of patients was small to conclude (4 of the 7 patients responded). Patients with MDS at transformation and patients with ET as primary MPN had significantly higher CR rates than patients with AML at transformation and PV as primary MPN, respectively. In agreement with previous studies of azacitidine in MDS, 10, 23 complex karyotype was not a poor predictive factor for response. This is particularly important to consider in transformations of MPN, which often carry complex chromosomal abnormalities.
The response rates and survival we observed appeared better than those generally reported with other treatments in MDS/AML occurring during the course of MPN. Indeed, Ն 4 series, totaling ϳ 200 AML/MDS after MPN treated with low-dose chemotherapy, IC or best supportive care only have been reported, 5,24-26 all of them with poor results (Table 6 ). In particular, IC gave a CR rate of 46%, but remissions were short, and median progression-free survival was only 5 months in the M.D. Anderson study. 26 In the absence of subsequent allogeneic SCT, all previously reported remissions were short, whereas median response duration in our series was somewhat longer, 9 months, after a median follow-up of 20 months. Moreover, the median survival of 11 months observed in our study was somewhat higher than in those series, where it ranged from 2.6 to 5 months with chemotherapy or supportive care. 5,25,26 Interestingly, decitabine, another demethylating agent, also provided better survival than high-dose chemotherapy in blastic phase of CML. 27, 28 In our study, 4 of the 7 cases of transformed PMF responded, and their median survival was 8 months. Those findings in patients with blastic rather than fibrotic progression of MPN do not contradict the disappointing results obtained with hypomethylating agents in primary or secondary myelofibrosis. 11, 12 Only 1 patient received allogeneic SCT after azacitidine, a small number largely related to the median age of our cohort (69.5 years), making difficult to evaluate this procedure after azacitidine.
Importantly, we observed in 39% of the responders reappearance of features of chronic phase MPN, including thrombocytosis in patients with ET and erythrocytosis in patients with PV. Those responses tended to occur early after treatment onset. To our knowledge, this type of evolution had only been reported in blast crisis of CML treated with IC or decitabine. 28 In Ph-negative MPN having progressed to MDS/AML and treated successfully with chemotherapy, marrow histologic features of chronic phase MPN or of a JAK2 V617F clone have been reported 25 but not to our knowledge recurrence of thrombocytosis or erythrocytosis. In 24 cases of leukemic transformation of PMF who received AML-like IC at the Mayo Clinic, 10 had after treatment bone marrow biopsy findings of chronic phase disease without increase of blast percentage. 25 As in our experience, patients who reverted to chronic phase disease finally relapsed in the absence of allogeneic SCT. Those findings suggest that azacitidine may in some patients with AML/MDS transformation of MPN reverse the disease course to a chronic phase rather than suppress the MPN clone. A similar mechanism of action of azacitidine has also been suggested in de novo MDS, and it could implicate gene hypomethylation. 29, 30 Blastic progression of Ph-negative MPN is multifactorial but may indeed involve aberrant methylation of tumor suppressor genes, 31 including the negative regulators of JAK-signal transducer and activator of transcription (STAT) signaling, suppressor of cytokine signaling-1 (SOCS-1), and suppressor of cytokine signaling-3 (SOCS-3). 8, 32, 33 Such epigenetic deregulation may occur early during MPN progression, as for example, methylation of the CXCR4 chemokine promoter recently involved in the constitutive mobilization of CD34 ϩ in PMF and reversed by azacitidine in vitro. 34 Likewise, JAK2 was recently reported to directly interfere with chromatin assembly in the nucleus. 35 Altogether, our results suggest that azacitidine can induce a substantial response rate with relatively low toxicity in Ph-negative MPN having progressed to AML/MDS. 26 Most responses are however short, and consolidation treatments, particularly allogeneic SCT or combination with other agents, are required in those patients for whom prognosis remains very poor.
